Electronic and optical properties of Sr(Ti,Zr)O 3 crystals in the cubic (Pm−3m) and tetragonal (I4/mcm) phase were calculated by the first-principles calculations using the density functional theory and the local density approximation. The band structure of cubic and tetragonal phases show an indirect band gap at (R-Γ) point and at (M-Γ) point in the Brillouin zone, respectively. The linear photon-energy dependent dielectric functions and some optical properties such as the absorption coefficient, energy-loss function and reflectivity are calculated for both phases. The optical properties of tetragonal phase of Sr(Ti,Zr)O 3 were investigated by theoretical methods for the first time. We have also made some comparisons with the available related experimental and theoretical data.
Introduction
The ABO 3 perovskite-type oxides, where A is a monovalent or divalent cation, B is penta-or tetravalent transition metal atom and O is oxygen, display a wide range of interesting electrical and optical properties and therefore have wide applications in the manufacture of electronic and optoelectronic devices such as various sensors, electro-optic modulators, infrafed detectors, catalytic activity, optical waveguides in various applications [1, 2] .
Strontium zirconate (SrZrO 3 ) belongs to the perovskite family with the general formula ABO 3 . The powder neu-tron diffraction data suggest the following sequence of phase transitions in SrZrO 3 [3] :
where Pnma, C mcm, I4/mcm and Pm−3m denote the phases with orthorhombic, orthorhombic, tetragonal and cubic symmetry, respectively. SrZrO 3 has a rather high melting point of about 2920 K [4] , consequently it is cubic in a wide range of temperatures where most of its useful applications take place. Strontium titanate (SrTiO 3 ) is a typical perovskite dielectric with a wide range of technological applications. Because of its special properties related to ferroelectricity, semiconductivity, superconductivity and catalytic activity, it has been extensively studied over the past several years.
From the literature data, SrTiO 3 undergoes the following sequence of phase transitions [1] :
The cubic and tetragonal structures of Sr(Ti,Zr)O 3 in the unit cell are shown in Fig. 1 . For these materials the differences in the details of the electronic structure and dielectric functions are still of fundamental interest. Simple cubic Sr(Ti,Zr)O 3 offers a natural starting point for the study of the electronic structure and dielectric functions. The crystal field splitting of the O 2p states occurs because oxygen resides at a site of tetragonal point symmetry in Sr(Ti,Zr)O 3 with the simple cubic point symmetry. The structure of the empty conduction band, as well as that of the filled valence band, could play a in the electronic and optical properties of Sr(Ti,Zr)O 3 . As far as we know, the studies of the electronic structure [5] [6] [7] [8] [9] [10] [11] [12] and optical properties [13] [14] [15] [16] [17] [18] [19] were performed on the cubic phase. The lattice structure parameters [6, 20] of Sr(Ti,Zr)O 3 were calculated only for the tetragonal phase. First principles calculation offers one of the most powerful tools for the theoretical study of structural parameters, electronic and optical properties of ABO 3 materials. However, to our knowledge, there is no first-principles calculation on tetragonal Sr(Ti,Zr)O 3 . Thus a calculation from the first-principles is needed. In the present work, we have made a first-principles pseudopotential calculation of the structural, electronic band structure and optical properties of Sr(Ti,Za)O 3 in the cubic and tetragonal phases. 
Computational method
The present calculations were performed in the density functional theory (DFT) framework implemented in the ABINIT package [21] . The exchange-correlation energy is evaluated in the local density approximation (LDA) [22] using the Teter "extended norm-conserving" [23] pseudopotential. The electronic wave functions were expanded in terms of a plane-wave basis set and the kinetic energy cutoffs needed to obtain a convergence better than 1 mHa (Ha =Hartree) for total energy were found to be equal to 54 Ha (cubic phase) and 58 Ha (tetragonal phase [24] . All calculations for Sr(Ti,Zr)O 3 have been done with the optimized lattice constants and atomic positions. These parameters were necessary to obtain converged results for the structural, electronic band structure and linear optical properties of these crystals.
Results and discussion

Structural parameters
We determined the structural parameters of Sr(Ti,Zr)O 3 in their two phases by relaxing simultaneously the cell shape and the atomic positions. There are 5 atoms (Pm−3m) and 10 atoms (I4/mcm) [6] in a primitive cell of Sr(Ti,Zr)O 3 . In the optimized structures reported here, the forces on the atoms are less than 10 −6 Ha/Bohr and the stress on the unit cell is smaller than 10 −6 Ha/Bohr 3 . During the structural optimizations, we held the Sr, Ti and Zr atoms fixed by symmetry in the tetragonal phase while the positions of oxygen atoms were determined by the internal parameter u. The results of our structural optimizations are summarized in Tab. 1 and Tab. 2. We see that our values for the lattice parameters and atomic positions are in very close agmrement with the experimental data.
Electronic structure
The total density of states (DOS) and the calculated band structures along high-symmetry directions in the Brillouin zone in cubic and tetragonal phases are shown for SrZrO 3 in Fig. 2 and SrTiO 3 in Fig. 3 . The Fermi level is set as the zero of energy and is indicated by a horizontal dashed line. The general features of the energy bands such as band gaps, DOS, and orbital hybridization are similar for both oxides. Sr(Ti,Zr)O 3 are transition metal oxides, in which the band gap is between the valence band of filled oxygen 2p states and the conduction band of empty transition metal d states. The valence band maximum is located at point R (cubic) (point M for tetragonal) and the conduction band minimum is located at point Γ, giving these compounds an indirect band gap (R-Γ) of 3.36 eV (SrZrO 3 ) and 1.895 eV (SrTiO 3 ) in the cubic phase and at (M-Γ) of 3.787 eV (SrZrO 3 ) and 2.117 eV (SrTiO 3 ) in the tetrag- Internal parameter (u)(present) 0.327 0.064
Expt. 0.244 [20] 0.0364 [6] onal phase. The bands with the lowest energy in Fig. 2 and Fig. 3 of the corresponding experimental data. These are lower than the experimental ones, as expected from LDA calculations due to the well known band gap underestimation of the LDA [28] . We can make similar comments in tetragonal SrTiO 3 in Fig. 3 , except the indirect band gaps and band numbers are increased to undergo from cubic to tetragonal phase. Also the valence band width is decreased.
To further elucidate the nature of the band structure, we have also calculated the DOS. The DOS are displayed in Fig. 2 and Fig. 3 
Linear optical response
The optical properties in the tetragonal phase of Sr(Ti,Zr)O 3 have not been reported so far. These properties are also of great importance in giving insight into the fundamental physical properties and potential applications. The macroscopic optical response function of a solid is expressed by the dielectric function in the range of linear response. It is known that the dielectric function is connected mainly with the electronic response. The optical properties of Sr(Ti,Zr)O 3 were calculated from the complex dielectric function of ε(ω) = ε 1 (ω) + ε 2 (ω). The imaginary part, ε 2 (ω), was calculated from the momentum matrix elements between the occupied and unoccupied wave functions within the selection rules. The real part ε 1 (ω) was evaluated from ε 2 (ω) by the Kramers-Kronig transformation. The electron energy-loss functions L(ω), the reflectivity R(ω) and the absorption coefficient α(ω) were derived from the calculated dielectric functions. Further details on matrix elements and optical constants such as L(ω), R(ω), and α(ω) can be found in Ref. [31] and Ref. [32] . In anisotropic materials, dielectric properties must be described by the dielectric tensor which reduces to only one (cubic, ε =ε =ε ) and two (tetragonal, ε =ε and ε ) independent components. Symbols C and T refer to the cubic and tetragonal structures, respectively. ε 2 (ω) of the dielectric function is directly connected with the energy band structure. ε 2 (ω) and ε 1 (ω) parts of the dielectric functions as a function of the photon energy for Sr(Ti,Zr)O 3 are shown in Fig. 4 . As shown in Fig. 4(b, d) , we were only interested in c -crystallographic direction in the tetragonal phase. The calculated ε 2 (ω) shows main peaks in the range of 2.5 to 13 eV for both phases. These peaks for ε 2 (ω) are related to the interband transition from the valence to the conduction band states. Regarding selection rules, only transitions that imply a change ∆ = ±1 in angular momentum are allowed. These peaks are related to the interband transition from O 2p to Zr 4d (or Ti 3d) and Sr 4d states. It is noted that peaks in ε 2 (ω) do not correspond to a single interband transition since many are a result of indirect transitions may be found in band structure with an energy corresponding to the same peaks [33] .
The peaks in L(ω) spectra represent the characteristics associated with the plasma resonance and the corresponding frequency is the so-called plasma frequency [31] , the frequency of collective oscillation of the valence electrons in the crystal. A root in ε 1 (ω), i.e. ε 1 (ω) = 0 , can give a plasma resonance, although this is not a sufficient requirement. However as is now obvious, not all roots of ε 1 (ω) = 0 give rise to peaks in the electron energy-loss spectrum. Thus, ε 1 (ω) = 0 is a necessary condition for plasma oscillations to occur, but as observed is not a sufficient condition [34] . At the same time, the peaks of L(ω) correspond to the trailing edges in the reflection spectra, for instance, the prominent peaks of L(ω) (Fig. 5(a, b) ) are situated at energies corresponding to the abrupt reductions of (Fig. 5(c, d) ). Fig. 5(a, b) show the loss function. The sharp peak in the energy loss function is associated with the plasma oscillations and corresponding oscillation frequency, the frequency of the collective oscillation of the valence electrons in the crystal. The value of the plasmon energies of Sr(Ti, Zr)O 3 obtained in this work and by others is given in Table 5 and are in agreement with the edge energy of plasma. Fig. 6 (a) and (b) are plots of absorption coefficient as a function of incident energy. It is obvious that absorption coefficients of cubic and tetragonal phases vary with incident energy and display multi-peak spectra. The optical 
Conclusion
The structural parameters, electronic structures, and optical properties of both phases of Sr(Ti,Zr)O 3 were calculated by means of the density functional theory within the LDA. Our structural parameters are in agreement with previous calculations and experimental data. 
